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ABSTRACT

A Study of Mobile Trough Genesis over the Yellow Sea-East China Sea Region.
(May 1997)
Keith Nickolas Komar, B. S., Texas A&M University

Chair of Advisory Committee: Dr. John W. Nielsen-Gammon

The purpose of this study was to understand the mechanisms responsible for the
formation of mobile troughs over a prolific source region in the Yellow Sea and East
China Sea. Two mobile troughs which intensified significantly after formation were
analyzed. The troughs were selected from the objective climatology of mobile troughs by
Lefevre and Nielsen-Gammon (1995). A quasigeostrophic potential vorticity (QGPV)
and associated piecewise tendency diagnosis (PTD) technique developed by Nielsen-
Gammon and Lefevre (1995) was used to quantitatively analyze the dynamics of mobile
trough formation. The PTD technique involves the inversion of QGPV and QGPV
advection. A qualitative approach using dynamical tropopause maps of constant Ertel’s
potential vorticity (EPV) was utilized in conjunction with the QGPV method.

It was determined that downstream development was the primary mechanism in
initiating both mobile troughs. Type A cyclogenesis was not evident in either trough
genesis event. A surface cyclone aided the development of one of the mobile troughs, but
the cyclone had developed prior to the formation of the mobile trough. Baroclinic

processes and large-scale interactions played lesser roles in one trough, but were not




important in the other trough. Barotropic deformation modulated the strength of the
second mobile trough by changing the shape of the associated QGPV anomaly. Vertical
superposition was important in strengthening the latter stages of the life of the mobile
trough, due to two jets superimposing over the mobile trough. Subjective analysis of
tropopause maps of both trough genesis events showed the downstream development
process as the growth of a new wave by cross-contour advection of potential temperature

due to a pre-existing upstream disturbance.
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CHAPTER 1

INTRODUCTION

Weather forecasters scrutinize upper-level weather charts to determine the
strengths and tracks of mobile troughs. These mobile troughs are typically seen traveling
through the larger scale waves in the atmosphere. An upper-level mobile trough, also
known as a short wave, can be defined as an area of relatively high vorticity with
maximum amplitude near the tropopause. Short waves and long waves both propagate
westward relative to the mean flow. This is a characteristic of a Rossby wave, which is an
absolute vorticity conserving motion that depends on 3, the variation of the Coriolis force
with latitude. Longer Rossby waves propagate upstream faster so they appear to be
stationary or moving slowly upstream. Short waves propagate more slowly so they seem
to “ride” along with the mean westerlies. A characteristic wavelength of a mobile trough
is generally no more than a few thousand kilometers. The vorticity advection associated
with moving.short waves 1s greater than that for longer waves (Carlson 1991, p. 44);
therefore, these mobile troughs can play a significant role in many observed weather
phenomena, from cyclogenesis (Petterssen 1955) to mesoscale convection (Rhea 1966;
Maddox 1983).

Recent research into mobile trough climatology (Sanders 1988; Lefevre and

Nielsen-Gammon 1995) has shed new light on the characteristics of mobile troughs.

This thesis follows the style and format of the Journal of the Atmospheric Sciences.




Obvious geographic biases of trough formation and termination exist. The Yellow Sea-
East China Sea region is one of the more prolific trough genesis areas, as identified by
Lefevre and Nielsen-Gammon.

Advancement in knowledge of upper-level mobile troughs that form in this region
would benefit numerical weather prediction by gaining insight how mobile troughs form.
This region is of particular importance because of the large number of cyclones that
develop there throughout most of the year (Chen et al. 1991). This region is home to a
baroclinic zone with a strong jet for most of the year. Understanding the processes
associated with trough formation there would lead to a greater understanding of
atmospheric circulation.

The goal of this research is to assess the dominant dynamical processes that cause
mobile trough genesis over the Yellow Sea-East China Sea region. This will be
accomplished by applying piecewise tendency diagnosis to a number of trough genesis
events identified in Lefevre and Nielsen-Gammon’s climatology (1995) as forming in that
region.

Chapter II provides a brief background of the current knowledge of mobile
troughs and discusses the use of potential vorticity inversion in determining the dynamics
of mobile trough generation. The chapter then presents issues to be addressed by this
work. Chapter III defines the Yellow Sea-East China Sea region and presents a summary
of the characteristics of the mobile troughs that form over this area. Chapter IV outlines
the method used to calculate QGPV and describes the QGPV height tendency equation.

Chapters V and VI investigate two mobile trough genesis events by using the QGPV




height tendency diagnostic technique and by examining tropopause maps. Chapter VII

summarizes the major results and conclusions of this research and suggests future work.




CHAPTER 11

BACKGROUND AND MOTIVATION FOR RESEARCH

The purpose of this chapter is to provide a basis of what is understood about
upper-level mobile troughs and what methods are implemented to study the dynamics of
the upper atmosphere. To accomplish this, this chapter briefly gives a chronicle of the
body of knowledge concerning upper-level mobile troughs and their relevance to weather.
Also, an overview of potential vorticity and the rationale for using it in the study of
upper-level mobile trough dynamics is presented. Then, questions are set forth regarding
mobile trough genesis over the Yellow Sea-East China Sea.

1. Knowledge of upper-level mobile troughs
a. Early work

Early work on upper-level mobile troughs was primarily limited to their role in
cyclogenesis. However, the earliest Norwegian cyclone model of the twentieth century
did not explicitly include development in the upper troposphere. Bjerknes (1937) was the
first to use sounding data to theorize of the importance of the upper levels of the
atmosphere in the development of a surface cyclone. Charney (1947) and Eady (1949)
developed baroclinic instability theory, which provided for development at upper and
lower levels simultaneously.

However, early observational studies showed that many cyclogenesis events began
with a preexisting upper-level mobile trough. Petterssen (1955) noted that over the

United States cyclogenesis typically occurred when an area of upper-level cyclonic




vorticity advection associated with an advancing preexisting mobile trough became
superposed over a low-level baroclinic zone. Petterssen and Smebye (1971) showed that
many cyclogenesis events began with a pre-existing upper-level mobile trough of
significant amplitude. They classified this as Type B, to distinguish them from the more
classical cyclones which developed simultaneously at all levels (Type A).

b. Recent research

Recent research has shown that Type A cyclogenesis is rare, and likely
improbable, in the atmosphere. Sanders (1986) found that upper-level development
preceded cyclogenesis in the cases he examined. Wash et al. (1988) detected preexisting
vorticity centers of significant amplitude when examining Type A cyclones.

Interest of late in the fundamental aspects of upper-tropospheric mobile troughs
has been stimulated by a climatological study by Sanders (1988). He provided the first
synoptic climatological study of 500 mb mobile troughs. He subjectively identified and
tracked troughs found along the 552 dam geopotential height contour of the 500 mb
surface on daily Northern Hemisphere charts. The study of a particular cold season
showed a median duration for mobile troughs to be 12 days with a mode of 5 days.
Average zonal phase speed was 13 m s”'. Sanders discovered that preferred regions of
trough genesis exist over and east of mountain ranges. Trough terminations occurred
predominately over the eastern portions of oceans. Additionally, troughs were typically
born in large scale northwesterly flow and died in southwesterlies. Sanders speculated
that baroclinic and barotropic processes were operating in a detailed study of composited

trough genesis episodes.




The theoretical aspects of upper-level mobile trough development were also being
examined at that time. Snyder and Linden (1988) and Staley (1988) studied baroclinic
instability with energy primarily found at upper levels. Farrell (1989) showed that
properly oriented, i.e., elongated, disturbances can be made more compact by large-scale
deformation, resulting in an increase in the kinetic energy associated with the disturbance.
Rivest and Farrell (1992) described initial conditions that lead to the rapid intensification
of upper-level mobile troughs. Within a two-dimensional, periodic system, they found
that optimal growth during a specified period of time is achieved by a combination of
cross-gradient potential vorticity (PV) advection and superposition. A series of upshear
tilted vortices are deformed by the background flow while they excite a Rossby wave
along the tropopause. Rivest et al. (1992) modeled the observed long duration of mobile
troughs with concentrated PV gradients at the tropopause. Whitaker and Barcilon (1992)
considered modal instability as a possible cause of development aloft without appreciable
surface intensification. They used basic states with weak baroclinicity at low levels and
investigated the effects of a shallow stable layer at the surface and enhanced surface
friction. Both effects produced the largest amplitudes at upper levels. Work from
Orlanski and collaborators (Orlanski and Katzfey 1991; Orlanski and Chang 1993,
Orlanski and Sheldon 1993; and Chang 1993) using energetics showed that upper-level
mobile troughs can be generated by transfer of energy from upstream baroclinically
growing waves.

Lefevre and Nielsen-Gammon (1995), hereafter LNG, developed an objective
climatology of northern hemisphere mobile troughs using the 500 mb pressure surface.

The gross results were similar to Sanders’. Locations of trough genesis and termination




were also associated with geography. Preferred genesis regions included the lee of the
Rocky Mountains, the Mediterranean Sea, and Southeast Asia. Preferred termination
regions were the eastern Pacific Ocean, the Mediterranean Sea, and Southwest Asia.
However, LNG found a geometric distribution of life span with a mean of 5.3 days and a
median of 4 days. Their objective method was better able to track troughs which formed
far from the 552 dam contour of the 500 mb pressure surface.

Figure 2.1 shows the frequency of trough genesis over the Northern Hemisphere
from LNG’s results. There is a pronounced local maximum of mobile trough formation
centered over the Yellow Sea and East China Sea immediately downstream of another
maximum over the Mongolian Plateau. The maximum that extends over the Yellow Sea
and East China Sea is the only region of enhanced mobile trough formation which is
located off the east coast of a significant land mass. Other trough genesis maxima are
located either to the lee of large mountain ranges or on the west coasts of continents.

Nielsen-Gammon (1995) conceptualized existing theories on mobile trough
formation in terms of the generation of waves along the tropopause potential vorticity
discontinuity. These models were then tested on a case of mobile trough formation. It
was found that the trough formed primarily by Rossby wave propagation along the
tropopause from a cutoff cyclone developing to the west. Both vertical and horizontal
propagation contributed to the development. Superposition of potential vortices due to
vertical shear and horizontal deformation also aided in the development.

Nielsen-Gammon and Lefevre (1996) diagnosed a particular case of mobile trough

genesis using piecewise tendency diagnosis, PTD. PTD is an extension of piecewise
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Fig. 2.1. Frequency of trough genesis during all months throughout the twenty year data set of Lefevre
and Nielsen-Gammon’s objective climatology of mobile troughs. The solid contour shading represents
10, 15, 20, and 25 events per 10° km? per year, respectively. The thick contours encircle elevated terrain

higher than 2000 meters. (Adapted from Lefevre 1995).




potential vorticity inversion applied to height tendencies, with the forcing terms in the
quasigeostrophic height tendency equation partitioned into potential vorticity advection
associated with distinct dynamical processes. The trough they studied was formed
primarily through downstream propagation of Rossby wave energy and secondarily by
deformation. Baroclinic effects played a role later in the life of the trough with the
development of a surface cyclone.

Other research under the direction of Nielsen-Gammon used PTD to further
investigate mobile troughs and extratropical cyclones. An investigation of mobile trough
formation over the Mongolian Plateau (McEver 1996) found that downstream
propagation of Rossby wave energy initiated two of the three cases studied. Deformation
and superposition also aided development. Cyclogenesis was examined with PTD on
three cases, showing that Type B cyclogenesis was evident (Gold 1996). The upper-level
dynamics was the primary cyclogenetical forcing.

The importance of understanding mobile troughs apparently cannot be
underestimated. As we attempt to learn more about cyclogenesis, understanding how the
upper levels of the atmosphere develop appears to be the key factor. Our knowledge of
mobile troughs has been greatly expanded in recent years, but much more remains
unknown. Variations of downstream development and deformation processes appear to
be the predominant factors in a number of mobile trough case studies so far. Might this
be a consistent pattern of development?

2. Potential vorticity thinking
This section relies on the theoretical foundation set forth by Hoskins et al. (1985).

They applied potential vorticity thinking to the dynamics of observed atmospheric flows.
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An explanation of the nature of potential vorticity is given. The two different types of
potential vorticity used in this research will be introduced. Then, the rationale for using a
potential vorticity framework to assess the dynamics of mobile troughs is explained.

Potential vorticity is a measure of the ratio of the absolute vorticity to the effective
depth of the vortex. The advantage of using potential vorticity in examining dynamical
phenomena in the atmosphere is that the complete kinematic structure of the atmosphere
can be determined by inverting, or solving the potential vorticity equation. The use of
potential vorticity allows investigation of mobile trough dynamics which are not so easily
addressed using conventional techniques such as the traditional form of the omega
equation. The ability to assess and isolate the direct effects of upper-level phenomena and
the ability to track potential vorticity anomalies through time makes the use of potential
vorticity desirable in this study.

The isentropic coordinate form of potential vorticity is Ertel’s potential vorticity

%3]

(EPV): P=(¢, + f)(~ g——j 2.1)
op

P is potential vorticity, Gy is vorticity in isentropic coordinates, f is the Coriolis parameter,

g is acceleration due to gravity, and the stability term, —, is a measure of the effective

op
depth between potential temperatures surfaces measured in pressure coordinates.
A form of potential vorticity can also be derived in the quasigeostrophic

framework (Charney and Stern 1962) and can be given as:

o010z
qE§V2Z+f+gf°5pf(g5;] (2.2)
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In (2.2) q is QGPV, z is height in isobaric coordinates, f, is the reference Coriolis
parameter (1 x 10 ™ s™), p is pressure, and & is a measure of static stability. The three
parts of the right hand side of (2.2) are respectively relative vorticity, planetary vorticity,
and stratification. QGPV is derived from the traditional form of the geopotential
tendency equation containing vorticity and thickness advections (Holton p. 164). QGPV
and EPV are similar in that the advection of Ertel’s potential vorticity on an isentropic
surface is approximately proportional to the advection of QGPV on a pressure surface.

The quasigeostrophic (QG) perspective of potential vorticity will be used in this
research in a quantitative sense to assess the development of upper-level mobile troughs.
The advantage of QG diagnostics is its simplicity. QGPV is conserved following
geostrophic motions allowing PV anomalies to be tracked through time and space. The
inversion operator is linear allowing for unambiguous attribution of particular troughs to
particular PV anomalies. The idea underlying potential vorticity inversion is that the
three-dimensional distribution of QGPV, with appropriate boundary conditions,
determines the balanced large-scale winds and temperatures of the atmosphere.
Therefore, when equation 2.2 is inverted, or solved, for z, the resulting height field will
supposedly be an exact replica of the original height field.

For the quantitative work with QGPV, full conservation will be assumed. In the
diagnostics presented here, the advection of QGPV is assumed to be the sole forcing in
the atmosphere. QGPYV diagnostics will then show the intensification of a system by the

amplification or redistribution of QGPV.
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Since the QGPYV inversion is linear, the atmosphere may be easily partitioned. The
sum of the effects of the individual levels will equal the total effect of QGPV; hence,
piecewise diagnosis is made possible. Therefore, the effects of the upper and lower levels
of the atmosphere can be separated and studied in isolation.

The limitations of QGPV are the same as those of the basic quasigeostrophic
assumptions. The only vertical or ageostrophic motions allowed are for maintaining
thermal wind balance. The ageostrophic motions of the atmosphere must be much smaller
than the geostrophic motion. Since QGPV is representative of large-scale geostrophic
motions, its use is primarily limited to large-scale dynamics in the atmosphere.

Wavelike patterns in the QGPV field can appear as “troughs” and “ridges”.
However, a trough extending southward from the pole in the QGPV field actually
corresponds to an area of larger values of QGPV. The reason for the “trough”
terminology is that large QGPV anomalies, like vorticity maxima, are usually associated
with a trough in the geopotential height field. So “troughs” in the QGPV field are areas
of larger values, while “ridges” protruding from the south are areas of lower values.
Anomalies with positive values of QGPV imply cyclonic flow while negative anomalies
show anticyclonic flow.

3. Conceptual models of mobile trough generation

This section provides the framework for explaining PV thinking. A paradigm of a
potential vorticity gradient along the tropopause is used. The models presented here are
from Nielsen-Gammon (1995).

Two fundamental processes are responsible for wave generation along potential

vorticity gradients. In the first, advective flow induced by PV anomalies “blows” across
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the basic state gradient, carrying higher or lower PV with it, and can amplify the
perturbations. In the second, the PV anomalies do not grow, but the height field is
changed due to the reconfiguration of PV anomalies. Four conceptual models are now
cast in terms of “PV thinking.”

a. Modal instability

Modal instability builds anomalies with energy extracted from the mean flow.
Theoretical models include Charney’s (1947) and Eady’s (1949) descriptions of baroclinic
instability and barotropic instability as proposed by Kuo (1949).

Baroclinic instability requires opposite-signed gradients of potential vorticity, or
its surrogate, at different isentropic levels. In the atmosphere, this configuration is seen as
a tropopause PV gradient and a surface potential temperature gradient. With a proper
phase shift, winds associated with the upper-level Rossby wave act to amplify the wave
along the surface frontal zone. The lower-level Rossby wave likewise acts, to a lesser
degree, to enhance the PV advections that strengthen the upper wave.

Barotropic instability involves the reversal of the PV gradient within a given
isentropic layer. The mechanism of barotropic instability is similar to that of baroclinic
instability except that it operates on one particular level, such as the upper troposphere.

b. Non-modal growth

Rivest and Farrell (1992) argued that modal instability is not a significant
contributor to atmospheric development.  They observe that the most unstable
wavelengths tend to be too large and that observed disturbances are capable of growing

much more rapidly than the most unstable mode for a finite period of time. They see this
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inconsistency as an initial condition problem that can lead to rapid, transient intensification
of upper-level mobile troughs.

The process described by Rivest and Farrell can be more easily explained as a
vortex interacting with a PV gradient. For example, consider an isolated vortex
approaching an upper-level PV gradient from the south. Its associated winds generate a
wave along the jet, which grows more and more rapidly as the vortex is drawn closer.
The southerlies associated with the developing wave accelerate the vortex northward
toward the jet allowing stronger cross-gradient advections but speeding the eventual
incorporation of the vortex into the westerlies.

c. Propagation of wave energy

This model involves a preexisting disturbance embedded within a PV gradient.
Additional wave crests and troughs will appear downstream, but not upstream, because of
the eastward group velocity of Rossby waves in the upper troposphere. As a result of this
process, the upstream disturbance will weaken.

A closely related theory is downstream baroclinic development formulated by
Orlanski and collaborators (Orlanski and Katzfey 1991; Orlanski and Chang 1993;
Orlanski and Sheldon 1993; and Chang 1993). Like the group velocity mechanism, wave
energy propagates downstream at upper levels, but the source of energy is the unstable
baroclinic growth of an initial, preexisting disturbance.

d. Superposition

Superposition involves the increase of circulation due to a reconfiguration of the

PV anomalies, rather than an increase in magnitudes of the anomalies. Farrell (1989)

showed that a suitably configured disturbance in deformation flow can undergo energy
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growth associated with a change in shape. For a wave on a localized PV gradient, the
situation corresponds to an initially small-amplitude wave on an east-west jet which is
embedded in diffluence. This diffluence causes the wavelength to decrease while the
north-south extent of the wave increases. The anomalous PV becomes more compact
allowing the circulations associated with the PV to increase. Thus the kinetic energy
associated with the wave increases. If the process continues, the effect reverses, and the
wave would become elongated along the north-south axis, hence weakening the kinetic
energy of the wave.
4. Motivation for research

The goal of this research will be to ascertain whether there is a common dynamical
cause for mobile troughs which form over the Yellow Sea-East China Sea region.
Another problem to be addressed is the existence of this local maximum of trough genesis
frequency over a predominately marine environment when most maxima are just
downstream of major mountain ranges. With an ever-present baroclinic zone, and a high
level of upper-level trough formation and surface cyclogenesis, it is plausible that this
region would generate Type A cyclogenesis. This research will examine the case studies
to see if baroclinic instability is indeed a prevailing factor in upper-level dynamics.
Deformation may also be important due to the presence of a strong jet over the study
region during the cold season. Another maximum of trough genesis is located
approximately thirty degrees longitude upstream of the area of interest (LNG). It is
hypothesized that downstream Rossby wave development could be responsible for the

downstream region of trough formation.
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CHAPTER III

DESCRIPTION OF YELLOW SEA-EAST CHINA SEA REGION

This chapter explains the rationale in selecting the Yellow Sea-East China Sea
region to study mobile troughs. To accomplish this objective, the large-scale flow
conditions over the region are described. Next, a statistical summary of the mobile
troughs that form there are given. Predominant large-scale flow regimes that are
associated with mobile trough formation are described. Lastly, a brief synopsis follows of
the criteria used in selecting appropriate cases to investigate.

1. Region of study |

The Yellow Sea-East China Sea region is defined for this study as the area
encompassed by 30° N to 39° N and 120° E to 130° E (Fig 3.1). It includes most of the
Korean péninsula, the Yellow Sea, and the northern part of the East China Sea. This
region was selected for study because of its pronounced maximum of trough formation as
identified by LNG (1995). This region is noted for its prolific cyclogenesis (e.g., Chen et
al. 1991).

The Yellow Sea-East China Sea region encompasses a strong baroclinic zone
typically from early fall through late spring. This strong thermal contrast is a result of the
juxtaposition of the study region between the large, cold northern Asian continent and the
warm tropics directly to the south. Thus, an entrance region to the strongest mean jet on
earth (over 80 m s) is often seen in the study region. Also, the climatological flow at

upper levels exhibits confluence from air deflected around the Himalayan
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Fig. 3.1 Map of Yellow Sea-East China Sea region. The study region is outlined by the heavy line and is
encompassed by 30N and 39N and 120E and 130E.
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highlands (Wallace et al. 1991).
2. Statistical summary of Yellow Sea-East China Sea troughs

LNG’s objective climatology (1995) is the basis for the summary statistics
provided in this section. Over the 20-year climatology, 456 troughs were initiated in the
Yellow Sea-East China Sea region. Based on area, this region is four times more likely
than average to initiate a mobile trough.

The mean life span of mobile troughs that form in this region is 5.4 days, which is
similar to the hemispheric average of 5.3 days. The longest-lived trough lasted 19.5 days.
The median life span was 4 days, the same as that for the complete objective climatology.

Seasonal variations of mobile trough formation were small. Winter (DJF)
produced an average of 6.5 troughs. Spring (MAM) averaged 5.6 troughs, summer
(JJA), 4.9 troughs, and fall (SON), 5.9 troughs.

3. Flow regimes associated with trough formation

This section describes the patterns of 500 mb flow seen with typical mobile trough
formation. The geopotential height and wind fields of thirty-eight different trough genesis
events were examined for any evidence of preferential large-scale patterns. A majority of
the troughs formed in northwesterly flow and died in southwesterlies. Of course, the
variability of the atmosphere will subvert attempts to put particular flow patterns into
categorical regimes. However, this section is offered for the reader to grasp the variety of
large-scale flow associated with mobile trough genesis over the Yellow Sea-East China
sea region.

The nature of the large-scale flows associated with trough formation was best

categorized by season. In the cold season, approximately mid-October through early
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April, two basic flow regimes could be identified in a majority of the mobile trough
genesis events examined. The first flow regime was highly meridional due to the presence
of a large-scale vortex over eastern Siberia and northern Manchuria. Smaller scale
perturbations, or short waves, would develop on the western side of the vortex (over
Mongolia and the Yellow Sea-East China Sea region) in large-scale northwesterlies and
revolve around the vortex to the east. These short waves would then be ejected out into
the zonal flow across the Pacific or track northward towards the Aleutian Islands. Mobile
troughs that formed in this flow regime often were associated with surface cyclone
development. Some mobile troughs associated with intense surface development evolved
into upper-level cyclones over the northern part of the Pacific near the Aleutian Islands.

The second flow regime of the cold season was more zonal in nature. A large-
scale trough of weak amplitude was typically located just off the Asian continent. Mobile
troughs forming over the study region in this flow regime strengthened little as they
traveled to the east over the central part of the Western Pacific. Little surface
development was noted with these mobile troughs.

During the warm season the height and temperature gradients weakened
considerably. The 500 mb height gradient associated with the polar jet was found farther
north and was rarely found to be a factor in trough genesis in the study region. The 500
mb height gradient associated with the subtropical jet was very weak, since the
subtropical jet is found at very high altitudes during the warm season. Since mobile
troughs require a baroclinic atmosphere, one would expect less mobile trough genesis in

the summer. However, in spite of the weaker flow at this time of year, mobile troughs

were still being formed.
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4. Mobile trough paths

The movement of mobile troughs that formed over the Yellow Sea-East China Sea
was tracked to see where a mobile trough travels after it forms. Five years (1984 through
1988) of mobile troughs that formed in the study region were tracked across the Pacific
using data from LNG’s objective trough tracking algorithm. Figure 3.2 shows a pattern
that resembles the mean storm tracks for the Pacific region. The positions of the mobile
troughs were available every 12 hours. The paths were made by assuming linear motion
between any two 12-hourly positions. The figure was then created by compiling the
trough paths and counting the number of times that any path crossed a 2.5° latitude-
longitude grid box. The numbers were then contoured. An analysis of the paths of mobile
troughs that were born in this area appears to confirm the connections between short
waves and surface cyclones. Figure 3.2 is similar to the tracks of coastal cyclones (not

shown) detected by Chen et al. (1991).
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500 MB TROUGH OCCURRENCES

Fig 3.2. Map of frequency of mobile troughs that originated in the Yellow Sea-East China Sea region.
The contours are number of troughs per year computed for a 2.5° by 2.5° grid on a conformal area map.
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S. Selection criteria for case studies

This section describes the process that was used to select appropriate cases to
investigate. As mentioned previously, 456 troughs were available for study.

Data availability limited the scope of study to troughs that formed during and after
1979. After examining a possible case study from 1979, the analyses to the south of 30°
N seem to be filled with anomalous geostrophic vorticity. So, concern with data integrity
in the tropics caused the elimination from consideration any troughs that formed before
1984. This left 91 troughs.

The remaining troughs were then evaluated by the strength they possessed
through their lifetimes. The measure of trough strength was LNG’s Eulerian centripetal
acceleration, ECA. Equation 3.1 shows ECA to be the geostrophic wind, V,, squared,

divided by the radius of curvature, R, of the flow.

2

Ve

Any trough that failed to attain 1.0 x 10° m s was eliminated. Also, any troughs whose
initial ECA was large, over 1.0 x 10 m s™, were discarded to exclude possible instances
of trough merger or trough fracture. LNG’s tracking algorithm allowed mergers and
fractures.

Subjective analyses of 500 mb height and vorticity patterns were used to further
filter the total number of possible case studies to eleven. The criteria used at this stage
were subjective. If any mobile trough appeared to exist at 500 mb prior to its
initialization over the Yellow Sea-East China Sea region, then it was eliminated. This test

eliminated possible tracking algorithm errors and cases where interpretations of trough
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merger or trough fracture were considered as true trough genesis. These eleven
remaining trough genesis events were further evaluated by conducting preliminary
partitioning of base state and perturbation height fields.

The two cases to be presented in this research (31 March 1987 and 17 October
1988) represent the two flow regimes noted during cold season mobile trough genesis

over the Yellow Sea-East China Sea region.
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CHAPTER 1V

DATA AND METHOD

This chapter describes the data used in this research and explains the method
developed by Nielsen-Gammon and Lefevre (1996) to invert (solve) the QGPV equation.
Then, a discussion of the QGPV height tendency equation and the piecewise method used
to obtain height tendencies for the selected case studies follows.

1. Data

The data to be used in the March 1987 case study was prepared and maintained as
DS082.0 by the Data Support Section, Scientific Computing Division, National Center for
Atmospheric Research (NCAR). The twice daily (0000 UTC and 1200 UTC)
geopotential height data were extracted from National Center for Environmental
Prediction (NCEP) final analyses (Kanamitsu 1989). The final analyses were prepared
using 12 vertical levels and an R24 rhomboidal spherical harmonic truncation. Global
data at each of ten pressure levels (1000, 850, 700, 500, 400, 300, 250, 200, 150, 100
mb) were archived on a 2.5° by 2.5° rectangular longitude-latitude grid. Data from the
northern hemisphere was used in this research. Each time of the data set consists of
three-dimensional geopotential height values in a 145 by 37 by 10 matrix.

A second data set was available in the October 1988 case study. The National
Center for Environmental Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) are cooperating in a project to produce a 40-year record of global

analyses of atmospheric fields (Kalnay et al. 1996). This effort involves the recovery of
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data from many different platforms and sources. This data is then put through a quality
control procedure and assimilated with a model that is kept unchanged over the analysis
period, 1957-96. The model has a T62 triangular spherical harmonic truncation
(horizontal resolution of about 210 km) with 28 vertical levels. The availability of these
data provides a unique opportunity to compare the results of two different data sets in the
same study. The data from the reanalysis project used in this research consisted of
Gaussian grids of 192 by 94 global grid points of temperature and specific humidity at 28
sigma levels and surface pressure fields and surface geopotential height fields. Data were
available four times daily, every six hours (00, 06, 12, 18 UTC). Geopotential height
fields were calculated at sigma boundaries using the hydrostatic and hypsometric
equations. The geopotential heights were then interpolated to twelve pressure surfaces
(1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, and 100 mb).

2. QGPYV height tendency equation

The QGPV height tendency equation developed here follows the method of
Nielsen-Gammon and Lefevre (1996). A Laplacian-like operator, L, is defined as the
functional relationship between ¢ and q in (2.2), with the exception that the Coriolis
parameter, f, is subtracted from the total QGPV equation. (¢ = gz in the following

derivations.)

L($)=q- f:—V(b f%(é—?ﬁj (4.1)

The operator L may be inverted to obtain the geopotential height distribution from the

quasigeostrophic potential vorticity, q, distribution.
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¢=L"(q-1) (4.2)
The boundary conditions are specified using the boundary potential temperaturé 0 to
calculate the vertical gradient of the geopotential.

R

4] = _B‘_[_P_j o ) (4.3)

a  p\p,
Nielsen-Gammon and Lefevre (1996) found that the 1000 mb temperature seemed to be
hydrostatically inconsistent over high terrain in the DS082.0 data set. They then
computed the mean temperature between 850 mb and 1000 mb using /n p. The lower
boundary was set at 922 mb. A similar computation was performed on the upper
boundary making 122 mb the upper bound. A height tendency equation may be derived

by taking the local time derivative of (4.2) and inverting together with the time derivative

of (4.3):
v (@esa@)d3) e
-2

In the quasigeostrophic framework the local rate of change of q is given by geostrophic
advection of ¢, as well as frictional and diabatic generation. The lower boundary
condition (4.6) reduces to topographic forcing, cooling and heating by upslope and
downslope flow. As in the previous research, diabatic friction and topographic processes

will be neglected as this study will focus the upper levels of the atmosphere, where such
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processes are typically small. Any variations produced by heating and friction will affect
the height field in a manner equivalent to adiabatically generated g or 0 varations, so
errors will not accumulate. In other words, for each synoptic time, the analysis height
field will be used to calculated the QGPV and QGPV height tendencies.

With the focus of this research on upper levels, equations (4.5) and (4.6) may be

rewritten:

=D _1(-v, e vq) CX)

g

g

2R

R
gﬁ(g—z—) = i(@) = —5(1j “ (v, + v8) (4.8)
dp\ot/ Op\ot PP,
The geostrophic wind vector is V,, and z is geopotential height. Equation (4.7) is known
as the QGPV height tendency equation. The right hand side of (4.8) contains the effects
of both absolute vorticity and stratification. The use of (4.8) as a boundary condition
satisfies the analogy between interior q and boundary 6 (Bretherton 1966). Both q and
boundary 6 are conserved following geostrophic motion. Thus, the right-hand sides of
(4.7) and (4.8) may be regarded as “forcing” the height tendencies.
3. Application of QGPYV thinking to piecewise tendency diagnosis
This section illustrates the application of equation (4.7) to upper-tropospheric
systems. The relationship between QGPV thinking and height tendencies motivates the
use of piecewise tendency diagnosis, PTD. PTD will be useful in differentiating
dynamical processes occurring in the formation of mobile troughs. This discussion of

PTD closely follows that presented by Nielsen-Gammon and Lefevre (1996).
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Partitioning the total flow into basic state and perturbation makes practical the
describing the dynamics of wavelike phenomena. The partitioning may be calculated in a
number of ways. Common schemes include time mean vs. time-varying, zonal mean vs.
zonally-varying, and small zonal wavenumbers vs. large zonal wavenumbers. The basic
states are represented here with overbars, and the perturbations with primes. Partitioning

(4.7) leaves the result:

%? = %%+—5t~’— =L"(-veVq)+L"'(-VeVq' )+ L' (-v'e Vg)+L"'(-v' e Vq’) (4.9)

Since the focus of this research is only on upper-tropospheric systems, one can
partition the height field into elements due to upper-level and lower-level potential
vorticity and potential temperature. The linearity of QGPV allows the evaluation of
upper-level potential vorticity associated with upper-level flow separately from the lower
levels. The effects of the winds induced by the lower-level QGPV will be incorporated

into (4.10) through the fourth and sixth terms:

a_gt—b_ S L(-FeVg,) +L7(-7eVqy) +L7 (v} e Va,)

t

+L (i 0 VG,) +L7(~vp e Vay) +L7(-v{ «Vay) (4.10)
The terms, vy’ and v’ represent the upper- and lower-level winds associated with
perturbation potential vorticity respectively. The term v,’ is computed by inverting the
low-level QGPV, using the observed 0’ as the lower boundary condition and 6’=0 as the
upper boundary condition on the vertical derivative of height. The large-scale wind field,

v, is left unpartitioned to avoid the large cancellations found by Holopainen and Kaurola
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(1991) between winds induced by the basic state upper-level and lower-level QGPV
gradients.

The interpretation of each of the forcing terms on the right hand side of (4.10) is
based on the partitioning of the full geostrophic wind and of the inversion of potential
vorticity. The first term represents the nonlinear basic state interactions onto the
perturbation scale. The second term represents the advection of small-scale PV by the
large-scale flow. The third term represents advection of large-scale PV by the
perturbation winds associated with the inversion of the upper-level PV anomaly, which
includes group velocity effects and downstream development. The fourth term, the
baroclinic amplification term, is the advection of upper-level basic state potential vorticity
by winds associated with the low level q° anomalies including surface 6’ anomalies. The
term baroclinic amplification is used instead of baroclinic instability because fundamentally
similar growth can occur through this basic advection process even when normal mode
baroclinic instability is not possible (Rotunno and Fantini 1989). The fifth and sixth terms
represent the perturbation scale interaction among vortices and anomalies, and can grow
in importance as the complexity and amplitude of the system increases.

4. QGPV inversion method

The inversion method described here is that of Nielsen-Gammon and
Lefevre (1996). For the March 1987 case study, the data were separated into two levels:
main and intermediate. The eight main levels were separated by 100 mb between 172 mb
and 872 mb. The intermediate levels were set between 122 mb and 922 mb also separated

by 100 mb.
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With the availability of data at 28 sigma levels for the October 1988 case, 1
decided to include a greater number of input pressure levels to compute QGPV. The In p
average of 1000mb and 925 mb, 962 mb, was used as the lower boundary, while the
upper boundary remained 122 mb. The QGPV was then calculated at twelve main levels
separated by 70 mb between 927 mb and 157 mb.

The height data for both case studies was interpolated to their respective main
levels using cubic splines and used in the calculation of the stratification term. The
stratification term required the vertical finite differencing of the static stability at the
intermediate levels. The stratification term was then transformed into spherical harmonic
space using SPHEREPACK (written by John Adams and Paul Swarztrauber of NCAR).
The vorticity term was calculated in spherical harmonic space while the Coriolis
parameter, f, was put into spherical harmonic space. The QGPV was then calculated with
spherical harmonics by summing the coefficients of the stratification term, the vorticity
term, and the Coriolis parameter. The result was transformed back into grid space.

S. Basic state and perturbation

The partition between basic state and perturbation must be meaningful if an
analysis is to be valid. The basic state should represent the mean flow in which the
anomaly of interest, here an upper-level mobile trough, is embedded. The perturbation
should represent the synoptic-scale flow associated with the mobile trough. The precision
of QGPV dynamics and of the piecewise tendency diagnosis requires that the
phenomenon of interest be placed in the perturbation scale. For the method used here, the
intensity of the mobile trough is defined as a local minimum value of perturbation height,

and the rate of intensification is equal to the height tendency at the height minimum.




31

Therefore, the mobile trough should not be incorporated with the basic state. A
climatological mean would not suffice for a basic state because it is typically not
representative of the mean large-scale flow near the mobile trough. This was noted in
Chapter III where a variety of -large-scale flow regimes were associated with mobile
trough formation over the Yellow Sea-East China Sea region. A time-mean basic state
also presents difficulties. The time evolution of the large-scale flow could corrupt the
perturbation quantity causing the diagnosis method to fail.

Nielsen-Gammon and Lefevre (1996) and McEver (1996) use a spherical
harmonic wavenumber truncation (low-pass basic state) which separates the small-scale
mobile trough from the large-scale basic state. Nielsen-Gammon and Lefevre transform
the total QGPV from grid point space into spherical harmonic space at each level. They
then filter the QGPYV into its small- and large-scale parts by using zonal wavenumbers 0-6
and total wavenumbers 0-9 as the large-scale. The small scale is calculated by subtracting
the large-scale QGPV from the total QGPV. The same procedure is used at the
boundaries. To solve for the height coefficients, an 8 x 8 (12x12 for the reanalysis data)
matrix is solved using a tridiagonal solver routine (Press et al 1992). Further, if piecewise
inversion was used, Nielsen-Gammon and Lefevre set the QGPV coefficients at certain
levels to zero before solving the equation.

The partitioning method 